The pathogenic fungus Histoplasma capsulatum causes disease ranging from mild to fatal in healthy and immunocompromised humans. Infection rates reach 80% in endemic areas, including the Midwestern United States. We used inbred mice to identify a 300-fold difference in fungal burden. A/J mice showed lower fungal burden and morbidity than C57BL/6J mice, a reversal of the trend observed for many bacterial pathogens. We mapped the differences in fungal burden to discrete locations on chromosomes 1, 6, 15 and 17 with high significance. Substitution of a single resistant chromosome 17 onto the susceptible background was sufficient to lower fungal burden. These loci will allow dissection of the fungal-specific immune program.
Introduction
The history of plagues and peoples consistently reveals a resistant fraction of the population. For fungal pathogens, the greater sensitivity of blacks and Filipinos to infection with Coccidioides immitis implies a genetic basis to differences in infection with a significant impact on public health. 1 Identifying the genetic basis of host resistance to fungal pathogenesis may reveal host targets for improved antifungal therapies.
Histoplasma capsulatum is the leading cause of fungal respiratory infections worldwide, with 200 000-500 000 new cases annually. 2 Humans and other mammals are infected through inhaled fungal fragments or spores. Infections are often undiagnosed in healthy hosts, but exposure to large doses of fungi leads to lethal, disseminated infections. Of medical significance, the immune response frequently fails to clear even mild infections. Calcified granulomas containing live yeast are a prominent feature of chest X-rays for many people from the Midwestern United States. The rise of AIDS has increased the cases of re-infection from latent fungi, sometimes long after the primary infection.
Naïve macrophages are susceptible to infection and killing by H. capsulatum. However, by 5-10 days post infection, macrophages become resistant. Groundbreaking studies of the immune response to infection with H. capsulatum indicate that the T helper-1-like cytokines interferon-g, tumor necrosis factor-a and interleukin12 are crucial. 3 While CD4 þ and CD8 þ T cells are clearly necessary for survival, neither the cell type responsible for detecting infection nor fungal-specific branches of the immune response are known.
Recent studies reveal pattern-recognition receptors adept at identifying Candida species. 4, 5 However, H. capsulatum is distantly related, with a very different lifestyle and virulence profile. Outwardly, H. capsulatum shares many more features of infection with Mycobacterium tuberculosis, including an intracellular lifestyle and long-term, latent infection. Determining how evolutionary distance or parallels in pathogen lifestyle shape host genetics may be broadly applicable to understanding infection.
Genetic diversity between inbred mouse strains can reveal control points in complex biological events like the host immune response. [6] [7] [8] Inbred mice differ in their susceptibilities to fungal pathogens, including H. capsulatum. [9] [10] [11] [12] We explored mouse susceptibility differences using intranasal inoculation, reasoning that a route of infection that mimics the natural course of disease might reveal information about disease progression, and observed a large difference in fungal burden between the inbred A/J and C57BL/6J strains. Using recombinant inbred and recombinant consomic strains, 13, 14 we mapped several loci that influence fungal burden. These analyses are the first successful mapping of genetic variation in the immune response to H. capsulatum.
Results

Parental strains and susceptibility
To identify genes that control fungal infection, we used A/J and C57BL/6J mice because of the genetic tools already available. [14] [15] [16] A time-course experiment after intranasal infection with the H. capsulatum strain G217B revealed significant replication in the lungs and migration to the spleen in both mouse strains ( Figure 1 ; Table 1 ). However, the fungal burden was significantly lower for the A/J strain in both organs (Table 1;  Supplementary Table 1) , consistent with previous studies using intravenous or intraperitoneal infection. 9, 12 Measurement of fungal burden at 4 h post infection indicated that A/J animals received an equivalent inoculation ( Figure 1 ; Table 1; Supplementary Table 1) . Although the fungal burden at 4 h was lower than the dose of 8.0 Â 10 5 cells, some loss of fungi is expected. 17 We found that the susceptibility difference was highly repeatable. Analysis of data for multiple, independent infections of the A/J (9 infections) and C57BL/6J strains (10 infections) revealed the log of the fungal burden to be 6.5570.07 versus 7.3870.11 in the lung and 3.6570.17 versus 6.1670.13 in the spleen for A/J versus C57BL/6J animals, respectively (standard error of the mean). The H. capsulatum strain G217B is a clinical isolate lacking the virulence factor a-(1,3)-glucan in the cell wall. 18 We tested the specificity of the mouse-susceptibility difference using the a-(1,3)-glucan-positive strain G186AR (Table 1) . Our results concurred with previous findings that G186AR is less virulent than G217B; 19 however, the susceptibility profile was similar, independent of the a-(1,3)-glucan content.
Mapping of H. capsulatum susceptibility loci
The greatest difference in fungal burden between A/J and C57BL/6J mice was on day 15 (4300-fold), with most A/J mice having a fungal burden in the spleen below the level of detection. However, since only those recombinants that survive until close to the end point are useful in mapping experiments, we chose the sub-lethal dose of 8.0 Â 10 5 yeast cells and 10-day time point to evaluate strain susceptibility. We assayed all 28 available Fungal burden 10 days after intranasal infections with 8.0 Â 10 5 cells of H. capsulatum, unless indicated. For each strain, the number of mice infected (n) and the number killed before the 10-day time point are indicated (o10). The average log of CFU for each strain and organ, or for the log of CFU in the spleen normalized by spleen weight (Sp/mg), is listed. Fungal burdens significantly different (Student's t-test o0.01) from the appropriate C57BL/6J (bold) and/or A/J (italics) fungal burdens are indicated. a For the 15-day time point, survival for 14 days is indicated. b Data from these strains were pooled to reflect the extreme genetic similarity between them. recombinant inbred strains, finding that individual strains exhibit phenotypes similar to the parental strains in some cases and intermediate in others (Table 1) . The average and variance of isogenic groups were used for mapping to overcome variations in the assay.
We treated fungal burden as a quantitative trait and identified several highly significant linkages (likelihood ratio statistic 428.7) between fungal burden in the spleen and loci on chromosomes 17 (Table 2) . Loci with significant linkage scores were also identified on chromosomes 1, 2, 6 and 15 (likelihood ratio statistic 419.0). Normalizing fungal burden to organ weight implicated the same loci, with slight changes in scores (Table 2) . Normalizing fungal burden caused the linkages to chromosomes 1 and 6 loci to rise past the highly significant threshold (likelihood ratio statistic 426.4), while the linkage to chromosomes 15 and 17 remained significant (likelihood ratio statistic 418.5). Some recombinant strains showed considerable swelling of the spleen in response to infection (data not shown); however, organ weight and fungal burden were not correlated (Pearson r ¼ 0.26 for lung and spleen), blurring any relationship between swelling and infection outcome.
Loci influencing disease
Two closely spaced peaks indicating two quantitative trait loci (QTL) or a compound locus were found on the proximal end of chromosome 17 ( Table 2 ). The highest scoring linkage to fungal burden was at marker rs3724616, with a second region nearby, between markers rs13483026 and D17Mit20. The multigenic MHC H2 locus overlaps this region, and although not thought to influence fungal infection, 10 fine-scale experiments may reveal otherwise. As an independent test of the implicated loci, we used recombinant consomic strains homozygous for a single A/J chromosome in mice otherwise entirely C57BL/6J in origin. 14 The recombinant consomic strain C57BL/6J-Chr17
A/J /NaJ strain had a fungal burden in the spleen 23-fold lower than C57BL/6J (Figure 2 ).
Additional recombinant consomic strains corresponding to QTL with lower linkage scores were also tested. Linkage to chromosome 1 peaked sharply at marker rs13476138. This highly significant linkage corresponded to a three fold drop in spleen fungal burden when the recombinant consomic strain C57BL/6J-Chr1 A/J /NaJ was tested (Figure 2 ). Despite the significant linkage of a locus for spleen fungal burden to chromosome 15, the recombinant consomic strain C57BL/6J-Chr15 A/J /NaJ had a fungal burden similar to the C57BL/6J parent in the spleen, suggesting a QTL with complicated genetic logic. Indeed, the C57BL/6J-Chr15
A/J /NaJ strain had an extremely low fungal burden in the lung (Table 1) . Thus, loci on chromosome 15 may be responsible for uncoupling lung and spleen colonization.
Loci on mouse chromosomes 4 and 6 influenced susceptibility to C. immitis in recombinant inbred mice derived from the C57BL/6 and DBA/2 strains. 11 We found a significant QTL in the same region on chromosome 6. Indeed, the consomic strain C57BL/6J-Chr6 A/J / NaJ had a mild, but significant, reduction in normalized fungal burden in the spleen versus C57BL/6J. Likewise, the chromosome 4 consomic strain showed an intermediate fungal burden in the spleen, although we did not detect a significant QTL here. However, the susceptibility of the DBA/2J strain was intermediate between C57BL/6J and A/J strains (Table 1) , implicating additional loci in A/J mice. Furthermore, the C57BL/10J strain, which differs from C57BL/6J at the chromosome 4 QTL and in susceptibility to C. immitis, was identical to C57BL/6J in susceptibility to H. capsulatum. Thus, loci on chromosomes 4 and 6 affected both fungal pathogens, but were less influential for H. capsulatum and A/J mice.
Several additional consomic strains were tested for chromosomes that contained suggestive linkages (not shown) to fungal burden in the lung or spleen. The chromosome 16 consomic strain C57BL/6J-Chr16
A/J /NaJ had a greatly reduced lung fungal burden (Table 1) , and a slight reduction in the spleen. The consomic strains for chromosomes 2, 14 and X appeared similar to the C57BL/6J parent. Results of marker regression analysis including the A/J, C57BL/6J, B6AF1/JF1 hybrid and recombinant inbred strains. Significance thresholds for the likelihood ratio statistic (LRS) were determined by permutation test, and were found to be significant at 19.0 and highly significant at 28.7 for the spleen and significant at 18.5 and highly significant at 26.4 for the spleen normalized to organ weight (Sp/mg). Only significant (Po0.00003) and highly significant (Po0.00001, in bold) linkages are shown. 
Biometric analysis
Host reactions to pathogens are multifaceted, and differences in any component of the response might alter disease outcome. Fungal burden in the lung and spleen, weight loss during infection, morbidity and organ weights were all measured. Although recombinant strains displayed clear differences in many traits, significant linkages were found only for fungal burden in the spleen (Student's t-test Poo0.0001; MannWhitney-Wilcoxon Po0.0001). Genetic factors accounted for 69% of the difference in spleen fungal burden between A/J and C57BL/6J mice, or 62% for normalized spleen, facilitating analysis of these traits. However, the complete data allowed the relationship between individual traits and disease outcome to be analyzed. The intermediate phenotypes of the B6AF1/J F1 hybrid and many recombinant inbred strains suggested the segregation of multiple loci. Compound interval mapping using fungal burden in the spleen reveals a robust genetic interaction between the chromosome 1 marker rs13476209 and the proximal tip of chromosome 17 (Table 2) . Similarly, when spleen fungal burden was normalized to spleen weight, a genetic interaction between the chromosome 6 marker D6Mit52 and several chromosome 17 markers was detected (Table 2 ). This genetic interaction offered a hypothesis for the unexpectedly minor reduction in fungal burden observed for the C57BL/6J-Chr6
A/J /NaJ strain: the chromosome 6 locus may have a larger affect when the chromosome 17 locus is also of A/J origin.
The large data set for the parental strains revealed another intriguing difference between the strains and the implied uncoupling of fungal burden in the lung and spleen of A/J mice at this dose. Among C57BL/6J mice, fungal burden in the lung and spleen was tightly correlated (Pearson r ¼ 0.87), whereas A/J organs showed little correlation (Pearson r ¼ 0.08). This difference was statistically significant (0.0001oPo0.001). Even when H. capsulatum replicated well in the lungs of A/J mice, migration to, or growth in, the spleen was severely retarded (Figure 3 ).
In addition to fungal burden, the survival of recombinant inbred strains varied ( Table 1 ). The strains AXB8/ PgnJ and BXA12/PgnJ showed extreme morbidity by 10 days post infection, a non-parental characteristic. Importantly, morbidity was not associated with high fungal burden. Our data clearly suggested survival of fungal infections was genetically separable from fungal burden.
Characterization of the cellular immune response
Histopathology of lung and spleen sections at 10 days post infection provided an additional comparison of mouse strains. Two sequential histological sections were stained with hematoxylin and eosin (H/E) to identify host cells, or with the fungal-specific stain Gomori methenamine silver (GMS). Uninfected controls showed little strain variation. Among infected mice, both strains showed blockage of transmitting and alveolar spaces in the lung and disorganization of typical spleen architecture. Sections from C57BL/6J mice showed more inflammation than the A/J strain. However, the cellular immune response in both strains was similar, characterized by infiltration of histiocytes, with neutrophils and lymphocytes interspersed (Figure 4 ).
Fungi were associated with multiple lung compartments, but with a patchwork of infected and uninfected areas. This spatial variation may partially account for the higher variance observed in lung versus spleen burden, and precluded determination of fungal burden in GMSstained sections. In the spleen, fungi were primarily associated with the red pulp. Although the immune response appeared similar, the GMS stain confirmed a considerable drop in fungal burden in the spleens of A/J animals. Indeed, fungal burden was 63-fold higher in C57BL/6J spleens (1.3570.62 versus 84.6737 s.e.m. fungi per field in A/J versus C57BL/6J sections). This matched the difference observed for plating in the order of magnitude. Critically, these analyses suggested that the lower fungal burdens found in the organs of A/J mice reflected a more efficient immune response rather than one involving fundamentally different cell types. 
Discussion
We used the genetics of natural variation to identify loci with major effects on the course of fungal infection. We localized those loci to sub-chromosomal regions, a significant step in understanding the genetic basis of disease susceptibility, and in identifying previously unknown control points in fungal infection. Stringent cutoffs for significance thresholds were used to reduce the probability of false positives; 20 nevertheless, an independent functional assay was desirable. We employed recombinant consomic strains and found that three of the four highest scoring QTL were recapitulated by the substitution of a single chromosome from the more resistant strain. Furthermore, the fourth QTL showed significant reductions in lung burden in the appropriate consomic strain. This combination of recombinant inbred and consomic strains yielded high genetic resolution and an independent functional assay, and is applicable to other traits.
Our mapping experiments were optimized to map fungal burden in the spleen. However, careful measurement of other infection parameters allowed us to deduce genetic arguments about the spread of fungi to the spleen, and identify a genetic difference in morbidity independent of fungal burden. Of particular interest, DBA/2J mice corroborated the high mortality observed for two recombinant inbred strains, and suggested a certain combination of alleles resulted in poor survival. Identifying the genetic basis for infection survival should be possible using BXD recombinant inbred mice.
Interactions between the host and the pathogen, and between different immune cell types, all contribute to the symptoms and ultimate outcome of infection. This logic informed our decisions to map host genes in the whole animal, rather than in cell culture, and to use intranasal inoculation instead of direct injection. We have successfully broken the complex phenotype of disease into a series of genetically distinct components, validating our approach. As the genes are identified, components unique to the antifungal response and parallels to other diseases will emerge. Indeed, the loci we mapped for H. capsulatum susceptibility on chromosomes 15 and 17 are genetically close to loci that influence M. tuberculosis.
21
The commonality of an intracellular niche and persistent infection state may ultimately converge on a similar segment of the immune response, despite pathogens from different kingdoms. 
Materials and methods
Culture preparation H. capsulatum G217B (ATCC 26032) and G186AR (ATCC 26029) were grown on Histoplasma macrophage medium (HMM). 22 For infections, a fresh colony was inoculated into 2.5 ml of liquid media and grown until early log phase. A 25 ml culture was inoculated with 1 ml of the starter and grown for 2 days. G186AR cells were dispersed using silica beads. Cells were washed twice in phosphate buffered saline (PBS) with 1 min of mixing. Dose was determined by hemocytometer.
Mouse care and handling Female mice were from The Jackson Laboratories. All experiments were performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals and were approved by the Animal Care and Use Committee at the University of California Berkelely. Mice were monitored daily, and killed if moribund.
Intranasal inoculation
Female mice were anesthetized using isoflurane gas. 25 ml of H. capsulatum in PBS was placed on the nares and chased by 5 ml of PBS. To confirm the infecting dose, 25 ml of each infecting sample was plated. All infections used groups of six mice aged 6-8 weeks. Mice that failed to lose weight, or became moribund prior to day 8, were excluded.
Determination of fungal burden
Organs were weighed and homogenized in 5 ml of HMM. Serial dilutions were plated and grown 10-14 days. The limit of detection was set at 1000 colony forming units (CFU) in the lung and 100 CFU in the spleen; counts were detectable, but not linear, below these levels. Organs yielding fewer colonies were assigned the minimum value.
Statistical analysis
The percent genetic contribution was estimated by (s with the pooled variance of the parental strains used to estimate noise (s 2 noise ) and the variance among progeny the total variance (s 2 total ). General statistical analyses and statistical significance for correlation coefficients were determined as described. 23 Quantitative trait mapping Mapping analysis was performed using averages and variances from groups of isogenic mice using Map Manager QTXb version 17. 24 Using median values yielded no changes. Genotype information was modified from the Wellcome-CTC Mouse Strain SNP Genotype Set, 16 as curated by The GeneNetwork (http://www. genenetwork.org/dbdoc/AXBXAGeno.html). Weighted marker-regression analysis revealed markers significantly associated with the trait. Interactions and positions were refined by interval mapping, and permutation analysis established genome-wide significance threshold values based on 10 000 random permutations at 1cM intervals.
Histopathology
Four infected and four uninfected mice of each strain were killed at 10 days post infection and the organs removed into 10% neutral-buffered formamide. Sequential 4 mM sections of paraffin-embedded tissues were stained with H/E or GMS by Histology Consultation Service. For analysis of fungal burden, 10 consecutive fields were imaged for each mouse. The average and s.e.m. was based on five randomly chosen fields per mouse. Additional analyses were performed by Carl Millward (PPMG Consultants).
